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ZnO nanowires was grown using two different solution based method. It was found that 
by using different pH in the growth solution, ZnO nanowire with different morphology was 
produced. The patterning of ZnO nanowires was successfully done on different substrates 
using photolithography technique. Variation in the pitch of the patterns and also the use of 
different growth solution are shown to control the desired nanostructures. Meanwhile, 
graphene oxide sheet as large as 60μm was produced based on modified Hummer’s method. 
A one-pot synthesis of rGO-ZnO composite has also been developed which reduces the GO 
and at the same time forms the rGO-ZnO nanoparticle composite, using mild and scalable 
conditions. ZnO aggregates and rGO-ZnO nanocomposites have also been successfully 
synthesised using photoreduction method. Lastly, the ZnO nanostructures and rGO-ZnO 
nanocomposites synthesised was incorporated into the design of photoanode of dye sensitized 
solar cell to boost the efficiency. An improved efficiency of 4.92% was achieved for 
patterned ZnO nanowire dye sensitized solar cell through enhanced light scattering and 
charge collection. However, the increase in efficiency of dye sensitized solar cell when 
graphene is incorporated has not been achieved. Further investigations need to be done to 
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Chapter 1 Introduction 
1.1 Background on Zinc Oxide  
ZnO is an inorganic compound commonly found in everyday 
applications and products. These include pigments in paints, cigarette filters 
and even food additives. It also serves as an additive to improve the structural 
durability and inherent stability of rubber and concrete. Thus, while the 
presence of ZnO might at times be subtle, its usefulness in the modern life 
cannot be disputed.   
However, in more recent times, there has been a heightened interest in 
ZnO as an optoelectronic material. Endeavors to exploit the properties of ZnO 
in light emitting diodes, solar cells and energy harvesting devices require a far 
higher level of understanding of the material’s properties. This level of 
sophistication had to be matched with advancements in characterization 
techniques and crystal growth methods in order for useful devices to be 
fabricated. 
1.1.1 Properties of Zinc Oxide 
ZnO is commonly found in the hexagonal wurtzite form under standard 
conditions. The lattice comprises two hexagonal close packed (HCP) 
arrangements of Zn and O ions that are translated along the c-axis relative to 




Figure 1.1 – Ball and stick model of the wurtzite crystal structure, with grey balls representing 
zinc atoms and yellow balls representing oxygen atoms [1]. 
The inherent hexagonal symmetry of the ZnO lattice can be clearly 
seen in crystal growth when performed near equilibrium as shown in Figure 
1.2. The low index planes of ZnO that can be commonly observed include the 
polar (0001) and (000-1) planes, and the non-polar (11-20) and (1-100) side 
plane as shown in Figure 1.3.   
 





Figure 1.3 – Common planes of the Wurtzite crystal structure [2]. 
 
Incidentally, the Wurtzite structure lacks inversion symmetry, and is 
responsible for ZnO’s piezoelectric properties. Its remarkable piezoelectric 
behavior has been intensely investigated in the hope of producing energy 
harvesting devices that can extract energy from mechanical vibrations and 
subsequently convert them into electrical energy [3]. 
The structural configuration of Zn and O ions in 3-dimensional space 
also gives ZnO its optical and electrical properties. The resulting electronic 
band structure gives it a wide, direct bandgap of about 3.3eV [4]. This, 
coupled with its high exciton binding of 60meV, has made it an attractive 
material for near-UV light emitting diodes. Its wide bandgap also allows it to 
be transparent across the visible spectrum of light, making it useful as 
transparent conductors when ZnO is degenerately doped.  
Electrically, ZnO is intrinsically n-type material due to unintentional 
introduction of hydrogen atoms into the lattice during crystal growth. 
Furthermore, the formation of intrinsic defects such as oxygen vacancies and 
Zn interstitials act as donors, thus contributing to the n-type behavior. 
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However, existing DFT studies have suggested that intrinsic defects might not 
play a significant role due to a combination of high formation energies of the 
defects and the high activation energies needed for electrons to be excited to 
the conduction band (deep donors). As such, the general consensus is that H 
remains chiefly responsible for the observed n-type conductivity. Such 
behavior of H is peculiar to ZnO since in most other semiconductors studied, 
H always opposes the prevailing conductivity. However, in ZnO, H always 
functions as a donor [5]. The introduction of H into the lattice can occur via 
the presence of hydroxides or water molecules in hydrothermally grown 
crystals, or through the decomposition of metal-organic compounds 
commonly used in CVD.  
Efforts to deliberately dope ZnO n-type include the introduction of 
group 3 elements to substitute Zn ions, or group 7 elements to substitute O 
ions. Such approaches have been used to fabricate transparent conducting 
oxides mainly for photovoltaic applications to give carrier concentrations of 
the order of 1020 [6].   
Depending on the crystal plane in question, ZnO generally has an 
electron affinity in the range of 3.7-4.6 eV [7]. This allows the conduction 
band and valence band energies of ZnO to straddle many important redox 
reactions, thus allowing it to participate in important photocatalytic reactions. 
Figure 1.4 shows the positions of conduction and valence bands of various 
semiconductors in relation to the redox potentials necessary for the 
decomposition of water to H2 and O2 gas. The fact that the conduction and 
valence bands of ZnO straddle the redox potential of water (marked in pink) 
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means that photogenerated electron-hole pairs have sufficient energy to 
generate both O2 and H2, making ZnO a possible candidate for photocatalytic 
water splitting. This usefulness is a direct consequence of the position of the 
valence and conduction bands, which in turn are dependent on the electron 
affinity and bandgap of ZnO. 
Perhaps more relevant to this work, the placements of the conduction 
band of ZnO allows it to receive electrons from light-absorbing dyes in DSSCs. 
This requires the conduction band of ZnO to be slightly lower than the LUMO 
of the respective dyes. If this condition is not met, photogenerated electrons 




Figure 1.4 – A comparison of the bandgaps and electron affinities of various semiconducting 
compounds in relation to the redox potentials required for water splitting [8]. 
 
1.1.2 Applications of Zinc Oxide  
The areas in which ZnO can be applied in modern technologies are 
dependent on its properties, many of which have already been mentioned 
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above. In particular, one finds that ZnO can be used in technologies that are 
related to environmental sustainability, be it in clean energy generation, 
energy efficient devices or hazardous gas sensors [9, 10] (as summarized in 
Figure 1.5). 
 
Figure 1.5 – Various applications of zinc oxide materials. 
1.1.3 Synthesis methods of Zinc Oxide materials  
Another versatile aspect of ZnO as a material is that it lends itself to a 
large variety of methods by which it can be synthesized. It is important to give 
a brief overview of the common ways ZnO has been synthesized because 
many of its physical and chemical properties are dependent on the method of 
preparation. 
1.1.3.1 Chemical Vapour Deposition (CVD) 
Many variants of chemical vapour deposition (CVD) processes have 
been employed to deposit ZnO. CVD is actively used to deposit many other 
materials at an industrial scale, making it important to understand the 
underlying chemistry and growth habits of CVD grown films. The precursors 
of ZnO are introduced to the reaction chamber in vapour phase, followed by 
subsequent transport of the precursors to the reaction surface. CVD deposition 
Energy generation
•Solar cell TCO layers







•Water splitting for H2 generation
•Photodegradation of organic 
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allows for the deposition on large substrates, high throughput and film 
uniformity. 
Metal organic CVD (MOCVD). This technique forms the basis of most 
ZnO CVD growth. It involves the use of diethylzinc as a source of Zn, 
together with an oxidizing agent for the formation of ZnO. Diethylzinc reacts 
violently with air, thus requiring the process to be carried out in an inert 
environment. Doping can be achieved by the addition of the dopant in the 
vapour phase.  
Atomic layer deposition (ALD). ALD is conceptually similar to 
MOCVD, but the oxidizer and Diethylzinc are added sequentially, allowing 
highly conformal coverage of ZnO films with monolayer accuracy. In addition 
to this, it has been demonstrated that ALD can achieve high optical quality 
ZnO films at relatively low deposition temperatures (~200ºC) (Extremely low 
temperature growth of ZnO by atomic layer deposition) 
1.1.3.2 Physical Vapour Deposition (PVD) 
Common PVD methods include sputtering and pulsed laser deposition 
(PLD). Sputtering is a vacuum based technique commonly used to produce 
multilayer films of different compositions. Despite its industrial prevalence, it 
remains that sputtering only produces ZnO of film morphology. PLD on the 
other hand, has been known to be able to produce nanowire morphologies 
under suitable deposition conditions. This can be achieved by restricting the 
flux of the ablated material to the substrate, allowing vapour-liquid-solid 
growth of ZnO to occur. Control over the nanowire densities have also been 
demonstrated [11]. To accomplish this, masks have been put in between the 
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target and the substrate (ZnO nanowire morphology control in pulsed laser 
deposition), or by adjusting the target-substrate distance.  
1.1.3.3 Solution based synthesis 
The solution based synthesis of ZnO is very useful to produce films 
and nanomaterials of various morphologies such as nanowires and 
nanoparticles. It requires mild condition, environmentally friendly and 
scalable for industrial applications. This method will be discussed in greater 
details in Chapter 2 of this thesis.  
1.2 Background on Graphene  
1.2.1 Structures of Graphene 
Graphene is the name given to a two-dimensional sheet of sp2-
hybridized carbon. It is a single atomic plane of graphite in a closely packed 
honeycomb crystal lattice with a carbon-carbon bond length of 0.142 nm [12]. 
The graphene honeycomb lattice is composed of two equivalent sub-lattices of 
carbon atoms bonded together with σ bonds as shown in Figure 1.6(a). Each 
carbon atom in the lattice has a π orbital that contributes to a delocalized 
network of electrons [13]. Graphene is the basic building block of other 
important allotropes; it can be wrapped to form 0D fullerenes, rolled to form 








Figure 1.6 – (a) Honeycomb structure of graphene. (b) Graphene as the basic building block of 
other graphitic materials. [15] 
 
In single-layer graphene, the band structure exhibits two bands 
intersecting at two in equivalent point K and K’ in the reciprocal space. The 
energy bands at low energies are described by a 2D Dirac-like equation with 
linear dispersion, making graphene a zero band gap semiconductor [12].   
Few-layer graphene in large quantities are also desirable for 
applications like graphene reinforced composites, transparent electrical 
conductive films, energy storage [12]. Chemical and thermal reduction of 
graphene oxide is the promising approach to synthesis few-layer graphene. 
However, these processes introduce structural imperfections in carbon lattice 
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as shown in Figure 1.7 and degrade the properties compared to the pristine 
graphene [12]. 
 
Figure 1.7 – Structure of reduced graphene oxide, showing structural imperfections. [12] 
 
1.2.2 Properties of Graphene  
There are many remarkable properties of graphene. Table 1.1 shows a 
list of important properties of pristine graphene.  
Table 1.1 – List of important properties of pristine graphene. 
Theoretical specific surface area 2600 m2g-1 
Electron mobility at room temperature 250,000 cm2/Vs 
Thermal conductivity 5000Wm-1K-1 
Young’s modulus 1 TPa 
Strength 130GPa 
Optical transmittance ~ 97.7% 
Absorption of visible light 2.3% 
Hall conductivity  ~ 4e2/h 
 
1.2.2.1 Surface properties 
Single-layer graphene (SLG) is theoretically predicted to have a large 
surface area of 2600m2 g−1. The surface area of few-layer graphene prepared 
by different methods is in the range of 270–1550m2 g−1 [12]. The high surface 
area might enable the storage of hydrogen. Hydrogen storage reaches 3 wt% at 
100 bar and 300K and the uptake vary linearly with the surface area. 
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Theoretical calculations show that SLG can accommodate up to 7.7 wt% 
hydrogen, whereas bi- and trilayer graphenes can have an uptake of ~2.7 wt % 
and that the H2 molecules attach to the graphene surface in an alternating end-
on and side-on fashions [16]. The CO2 uptake of few-layer graphenes at 1 atm 
and 195K is around 35 wt%. Calculations suggest that SLG can have a 
maximum uptake of 37.9 wt% CO2 and that the CO2 molecules reside parallel 
to the graphene surface [16]. These properties lead to potential applications in 
the fields of nanoelectronics, sensors, batteries, supercapacitors, hydrogen 
storage, nanocomposites and graphene-based supercapacitors. 
1.2.2.2 Electrical properties 
Pristine graphene has high electrical conductivity due to very high 
quality of its crystal lattice. Single-layer graphene exhibits the metallic nature, 
while few-layer graphenes show semiconducting behavior with conductivity 
increasing upon heating in the 35–300K range. The conductivity increases 
sharply from 35 to 85K but the changes slow down at higher temperatures [16]. 
The conductivity and mobility of reduced graphene oxide were reported to be 
lesser by 3 and 2 orders of magnitude respectively than pure graphene. The 
reduced conductivity is due to defects in lattice structure during reduction 
process.  
Charge carriers in graphene obey a linear dispersion relation and 
behave like massless relativistic particles, resulting in the observation of a 
number of very peculiar electronic properties such as the quantum hall effect, 
ambipolar electric field effect, good optical transparency, and transport via 
relativistic Dirac fermions [13]. 
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Ambipolar electric field effect of single layer graphene can be 
observed at room temperature, its charge carriers can be tuned between 
electrons and holes by applying a required gate voltage as shown in Figure 1.8. 
The gapless band of bi-layer graphene has interesting properties. The 
electronic band gap of bi-layer graphene can be controlled by an electric field 
perpendicular to the plane. This allows it to have an tunable band gap which 
can be used in applications such as photodetectors and lasers [12]. 
 
Figure 1.8 – Ambipolar electric field effect in monolayer graphene [15].  
1.2.2.3 Optical properties 
Graphene absorbs photons between the visible and infrared 
wavelengths, and the interband transition strength is one of the largest among 
all materials. Single layer graphene absorbs 2.3% of incident light over a 
broad wavelength range [17]. The absorption of light on the surface generates 
electron-hole pairs in graphene which would recombine in picoseconds, 
depending upon the temperature as well as electrons and holes density. When 
an external field is applied these holes and electrons can be separated and 
photo current is generated. The absorption of light was found to be increasing 
with the addition of a number of layers linearly [13]. In addition, their optical 
transition can be modified by changing the Fermi energy considerably through 
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the electrical gating and charge injection. The tenability has been predicted to 
develop tunable infrared detectors, modulators, and emitters.  
Another property of graphene is photoluminescence. It is possible to 
make graphene luminescent by inducing a suitable band gap [12]. Two routes 
have been proposed, the first method involves cutting graphene in nanoribbons 
and quantum dots. The second one is the physical or chemical treatment with 
different gases to reduce the connectivity of the p electron network.  
Moreover, the combined optical and electrical properties of graphene 
have opened new avenues for various applications in photonics and 
optoelectronics, such as photodetectors, touch screens, light emitting devices, 
photovoltaics, transparent conductors, terahertz devices and optical limiters 
[13]. 
 
1.2.2.4 Mechanical properties 
Graphene has been reported to have the highest elastic modulus and 
strength. Several researchers have determined the intrinsic mechanical 
properties of the single, bi-layer and multiples layer of graphene are 
summarized in Table 1.2. 
Table 1.2 – Mechanical properties of single, bi-layer and multiples layer of graphene [12]. 
Method Material Mechanical properties 
AFM Mono layer graphene E=1  0.1 TPa 
int=130  10 GPa at int=0.25 
Raman Graphene Strain ~ 1.3% in tension 
Strain ~ 0.7% in compression 




E=1.02 TPa; =130 GPa 
E=1.04 TPa; =126 GPa 




1.2.2.5 Thermal properties 
The highest room temperature thermal conductivity of single layer 
graphene is up to ~5000 W/mK whereas for supported graphene conductivity 
is ~600 W/mK. The thermal conductivity of graphene is dominated by phonon 
transport, namely diffusive conduction at high temperature and ballistic 
conduction at sufficiently low temperature [13]. The superb thermal 
conduction property of graphene is beneficial for the proposed electronic 
applications and establishes graphene as an excellent material for thermal 
management [18]. 
1.2.3 Synthesis of Graphene Materials   
1.2.3.1 Direct Exfoliation  
Scotch-tape technique. In order to exfoliate a single sheet of graphene, 
van der Waals attraction between exactly the first and second layers must be 
overcome without disturbing any subsequent sheets [14]. This is often referred 
as scotch-tape technique, and was used by Novoselov and Geim in their 
groundbreaking discovery [19]. They used cohesive tape to repeatedly split 
graphite crystals into increasingly thinner pieces. This approach of mechanical 
exfoliation has produced the highest quality samples, but the method is neither 
high throughput nor high-yield. It typically produces graphene with lateral 
dimensions on the order of tens to hundreds of micrometers [13]. 
Ultrasonic Cleavage of Graphite. This method produces expandable 
graphite by intercalation of small molecules [20]. The experimental conditions 
could be tuned by changing ultrasonic solvent, ultrasonic power and ultrasonic 
time. The choice of ultrasonic solvent depended on the oxidation ability and 
water content of the solvents, which affected the volume of expanded graphite. 
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Concentrated sulfuric acid had been proved to be the best ultrasonic solvent to 
provide optimum condition for preparing the expandable graphite with 
ultrasound irradiation [12]. However, the yield of this method is relatively low 
[13]. 
1.2.3.2 Epitaxial Growth 
Graphene can be grown on metal surfaces by decomposition of 
hydrocarbons through chemical vapor deposition process. The graphene layers 
on metal substrate can be detached and transferred to another substrate (Figure 
1.9), providing high quality graphene layers without complicated mechanical 
or chemical treatments [13]. The metals used as substrates have either 
mediate-high carbon solubility such as Co and Ni, or low carbon solubility 
such as Cu. The thickness and crystalline ordering can by controlled by the 
cooling rate, the type and concentration of the carbonaceous gas, and the 
thickness of the substrate layer [12]. Moreover, substitutional doping during 
the growth may occur by introducing other gases, such as NH3. 
 
Figure 1.9 – Graphene layer is built up on copper foil and then used rollers to transfer the 
graphene to a polymer support and then onto a final substrate. [17] 
 
The other epitaxial approach is its large-area growth on SiC wafer 
surfaces by high temperature evaporation of Si in either ultra high vacuum or 
atmospheric pressure [13]. This method requires no transfer before processing 
graphene devices. However, the control the thickness of graphene layers for 
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the production of large area graphene is very challenging. Another uncertainty 
involve is the different epitaxial growth patterns on different SiC polar face, 
for example there will be rotationally distortion when graphene is grown on C-
face of SiC. 
1.2.3.3 Chemically Derived Graphene 
Figure 1.10 illustrates the process for chemically derived graphene. In 
general, graphite will be oxidized using suitable reagent to form graphite oxide, 
which will then be exfoliated mechanically to form graphene oxide. The 
graphene oxide can be dispersed in water or organic solvent. Lastly, the 
graphene oxide could be reduced using suitable reagent to be converted to 
reduced graphene oxide (rGO), which has properties inferior to pristine 
graphene. The major advantage is high volume of graphene materials can be 
produced with relatively mild conditions.  
 
Figure 1.10 – Schematic diagram of chemical synthesis of graphene. 
 
The level of oxidation can be varied on the basis of the method, the 
reaction conditions and the precursor graphite used [12]. The most commonly 
used method is to synthesis graphite oxide through the oxidation of graphite 
using oxidants including concentrated sulfuric acid, nitric acid and potassium 
















Graphite oxide which is produced by oxidation of graphite is highly 
hydrophilic due to its polar oxygen functional groups and is readily exfoliated 
in water or various organic solvents to obtain stable dispersion of graphene 
oxide [12]. The structure of graphene oxide is shown in Figure 1.11. Moreover, 
electrostatic repulsion due to negative surface charge of graphene oxide also 
contributes to the formation of stable colloids [21].  
 
Figure 1.11 – Structure of highly hydrophilic graphite oxide. [12] 
 
Graphene oxide is electrically insulating, therefore further reduction 
process will remove oxidized functional groups and partially restore the 
electronic conductivity [12]. However, this will also produce defects and 
disorders in the graphene lattice. The most commonly used reducing agent is 
hydrazine which is highly toxic and potentially explosive [22], and therefore 
alternatives are needed for large-scale implementation. Reducing agents such 
as HI, NaOH, Zn powder and Vitamin C could be good substitutes to reduce 
graphene oxide.  
Thermal reduction is another approach to reduce graphene oxide that 
utilizes the heat treatment to remove the oxide functional groups from 
graphene oxide surfaces. It strips the oxide functionality through the extrusion 
of carbon oxide and water molecules by heating graphene oxide in inert gases 
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to 1050°C, which can be lower to about 200°C with the assistant of vacuum 
[23]. Although the thermal reduction can have high yield of single layer 
reduced graphene oxide, the removal of the oxide groups caused about 30% 
loss and left behind vacancies and structural defects which may affect the 
mechanical and electrical properties of reduced graphene oxide [12]. 
1.3 Organization of Thesis 
This thesis has been organized into five different chapters, with three 
main chapters discussing the process and findings of the research done on zinc 
oxide and graphene materials.  
Chapter one provides an introduction into the background, properties 
and synthesis of zinc oxide as well as graphene materials. This serves as a 
foundation for those which do not have any background knowledge in these 
materials.  
Chapter two discusses the background and synthesis of zinc oxide 
nanowires using two different methods. The effect of pH and surfactant on the 
growth of zinc oxide nanowires will be discussed. The patterning of ZnO 
nanowires using photolithography technique will also be shown.  
Chapter three covers the discussion of graphene oxide synthesis using 
chemical assisted approach to produce graphene oxide dispersed in water. The 
graphene oxide produced will also be characterized using various techniques. 
A one-pot synthesis of reduced graphene oxide-zinc oxide composites will 
also be demonstrated.  
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Chapter four will focus on using zinc oxide and reduced graphene 
oxide-zinc oxide composite as materials to improve the performance of dye 
sensitized solar cell. Different configurations will be designed and tested to 
obtain the optimum efficiency of the solar cell.  
The final chapter will conclude this thesis and provide some insights 
into further points of interest that can be worked on in the future.  
20 
 
 References  
[1] "Wurtzite - Wikipedia, the free encyclopedia,"  
http://en.wikipedia.org/wiki/Wurtzite, 2015 [2015]. 
[2] A. Konar, A. Verma, T. Fang, P. Zhao, R. Jana, D. Jena. Charge transport 
in non-polar and semi-polar III-V nitride heterostructures.  Semicond. Sci. 
Technol, 2012, 27(2), 024018. 
[3] Y. Gao, Z. L. Wang. Electrostatic potential in a bent piezoelectric 
nanowire. The fundamental theory of nanogenerator and nanopiezotronics.  
Nano Lett., 2007, 7(8), 2499-2505. 
[4] D. C. Look. Recent advances in ZnO materials and devices.  Mater. Sci. 
Engrg. B, 2001, 80(1), 383-387. 
[5] A. Janotti, C. G. Van de Walle. Fundamentals of zinc oxide as a 
semiconductor.  Rep. Prog. Phys., 2009, 72(12), 126501. 
[6] J. H. Park, K. J. Ahn, K. I. Park, S. I. Na, H. K. Kim. An Al-doped ZnO 
electrode grown by highly efficient cylindrical rotating magnetron sputtering 
for low cost organic photovoltaics.  J. Phys. D: Appl. Phys., 2010, 43(11), 
115101. 
[7] K. Jacobi, G. Zwicker, A. Gutmann. Work function, electron affinity and 
band bending of zinc oxide surfaces.  Surf. Sci., 1984, 141(1), 109-125. 
[8] X. Zhang, Y. L. Chen, R. S. Liu, D. P. Tsai. Plasmonic photocatalysis.  
Rep. Prog. Phys., 2013, 76(4), 046401. 
[9] L. Wang, Y. Kang, X. Liu, S. Zhang, W. Huang, S. Wang. ZnO nanorod 
gas sensor for ethanol detection.  Sensor. Actuat. B - Chem., 2012, 162(1), 
237-243. 
[10] O. Lupan, G. Chai, L. Chow. Fabrication of ZnO nanorod-based 
hydrogen gas nanosensor.  Microelectr. J., 2007, 38(12), 1211-1216. 
[11] B. Cao, J. Zúñiga–Pérez, C. Czekalla, H. Hilmer, J. Lenzner, N. Boukos, 
A. Travlos, M. Lorenz, M. Grundmann. Tuning the lateral density of ZnO 
nanowire arrays and its application as physical templates for radial nanowire 
heterostructures.  J. Mater. Chem., 2010, 20(19), 3848-3854. 
[12] V. Singh, D. Joung, L. Zhai, S. Das, S. I. Khondaker, S. Seal. Graphene 




[13] Y. Zhu, S. Murali, W. Cai, X. Li, J. W. Suk, J. R. Potts, R. S. Ruoff. 
Graphene and graphene oxide: synthesis, properties, and applications.  Adv. 
Mater., 2010, 22(35), 3906-3924. 
[14] M. J. Allen, V. C. Tung, R. B. Kaner. Honeycomb carbon: a review of 
graphene.  Chem. Rev., 2009, 110(1), 132-145. 
[15] A. Geim, K. Novoselov. The rise of graphene.  Nat. Mater., 2007, 6(3), 
183-183. 
[16] C. Rao, K. Subrahmanyam, H. R. Matte, B. Abdulhakeem, A. Govindaraj, 
B. Das, P. Kumar, A. Ghosh, D. J. Late. A study of the synthetic methods and 
properties of graphenes.  Sci. Tech. Adv. Mater., 2010, 11(5), 054502. 
[17] S. Bae, H. Kim, Y. Lee, X. Xu, J. S. Park, Y. Zheng, J. Balakrishnan, T. 
Lei, H. R. Kim, Y. I. Song. Roll-to-roll production of 30-inch graphene films 
for transparent electrodes.  Nat. Nanotechnol., 2010, 5(8), 574-578. 
[18] A. A. Balandin, S. Ghosh, W. Bao, I. Calizo, D. Teweldebrhan, F. Miao, 
C. N. Lau. Superior thermal conductivity of single-layer graphene.  Nano Lett., 
2008, 8(3), 902-907. 
[19] K. S. Novoselov, A. K. Geim, S. Morozov, D. Jiang, Y. Zhang, S. A. 
Dubonos, I. Grigorieva, A. Firsov. Electric field effect in atomically thin 
carbon films.  Science, 2004, 306(5696), 666-669. 
[20] A. K. Geim. Graphene: status and prospects.  Science, 2009, 324(5934), 
1530-1534. 
[21] S. Park, R. S. Ruoff. Chemical methods for the production of graphenes.  
Nat. Nanotechnol., 2009, 4(4), 217-224. 
[22] M. Fernandez-Merino, L. Guardia, J. Paredes, S. Villar-Rodil, P. Solis-
Fernandez, A. Martinez-Alonso, J. Tascon. Vitamin C is an ideal substitute for 
hydrazine in the reduction of graphene oxide suspensions.  J. Phys. Chem. C, 
2010, 114(14), 6426-6432. 
[23] D. Zhou, Q. Y. Cheng, B. H. Han. Solvothermal synthesis of 






Chapter 2 Synthesis and patterning of ZnO nanowires 
2.1 Background  
In this chapter, low temperature hydrothermal synthesis and patterning 
of ZnO nanowires will be covered. By low temperature, it means that the 
growth temperature does not exceed 100ºC. Low temperature hydrothermal 
growth of nanomaterials is especially attractive due to its low cost and 
environmental friendliness [1]. The low temperature used is also less 
damaging to sensitive substrates such as flexible polymers. It can also be used 
together with top down method, which usually involves temperature sensitive 
photoresist. 
Most low temperature hydrothermal methods of growing ZnO 
nanowires involve mixtures of Zn2+ ion salt and ammonia in its growth 
solution. Ammonia can come in different forms such as ammonium hydroxide 
NH4OH, ammonium salt or from decomposition of other compounds such as 
hexamethylenetetramine, (CH2)6N4 (HMT). Ammonia is usually treated as the 
source for hydroxide ion (OH-) for the formation of ZnO crystals in aqueous 
solution. Below are the chemical equations for the process of growing ZnO 
nanowires using hydrothermal method commonly used  [2-6]. 
Formation of hydroxide ions:  
(CH2)6N4 + 10H2O ↔ 6CH2O + 4NH4+ + 4OH-  (2.1) 
or  
NH3 + H2O ↔ NH4+ + OH-  (2.2) 
  
Formation of Zn2+ complexes  
Zn2+ + 4NH3 ↔ [Zn(NH3)4]2+  (2.3) 
Zn2+ + 2OH- + 2H2O ↔ Zn(OH)2  (2.4) 
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Zn(OH)2 + 2H2O ↔ [Zn(OH)4]2- + 2H+  (2.5) 
  
Precipitation of Zn2+ ions:  
Zn(OH)42- → ZnO + H2O + 2OH-  (2.6) 
or  
Zn(NH3)42+ + 2OH- → ZnO + 4NH3 + H2O (2.7) 
 
Richardson and Lange reported a thermodynamic calculation on low 
temperature aqueous growth of ZnO to show that the role of ammonia is more 
than just as hydroxide ion source [1].   
Figure 2.1 shows four different 3 dimensional plots of ZnO solubility 
versus pH, ammonia concentration and temperature. Figure 2.1(a) and (b) 
show ZnO solubility versus pH and ammonia concentration at two different 
temperatures, which are 25ºC and 90ºC. Figure 2.1(c) shows ZnO solubility 
versus pH and temperature at two different ammonia concentrations, which 
are 0mol L-1 and 1mol L-1. As seen in the figure, the presence of ammonia in 
the growth solution affects the solubility of ZnO. At 25ºC, the solubility of 
ZnO is very high at intermediate range of pH due to the formation of highly 
soluble [Zn(NH3)4]2+ species in the aqueous solution, as shown in Figure 
2.2(a). However, when the temperature is at 90ºC, the solubility of ZnO 
decreases dramatically within the same pH range.  This is because the increase 
in temperature reduces the pH range where the highly soluble Zn(NH3)42+ 
species is stable. Hence, there is a regime of pH and ammonia concentration 
where the solubility decreases with temperature rather than increases with 




The retrograde solubility condition is very important to the 
understanding of the working of the growth solution in hydrothermal synthesis 
of ZnO nanowires. The decrease of solubility of ZnO at higher temperature 
with the presence of ammonia means that the condition of supersaturation can 
be reached and maintained at high temperature for the growth solution. This 
provides the thermodynamic driving force for the ZnO to precipitate out as 
solid crystals and contributes to the spontaneous growth of ZnO nuclei present 
in the growth bottle. Heating up the growth solution to 90ºC at a suitable range 
of pH value will certainly able to achieve the growth of ZnO nanowires. This 
model gives us good understanding of the growing process of ZnO nanowires 
commonly used by researchers around the world. In this chapter, two different 
growth solutions are used to grow ZnO nanowires. However, the principle 
behind the growth for both methods is almost identical and can be explained 
qualitatively using the model discussed above. 
 
Figure 2.1 – Solubility of ZnO in aqueous solution versus pH and ammonia concentration at (a) 






Figure 2.2 –Speciation in an aqueous solution of dissolved Zn(II) versus pH at (a) 25°C and (b) 
90°C and of dissolved ammonia at (c) 25°C and (d) 90°C, with 0.5 mol L-1 ammonia [1]. 
2.2 Synthesis of ZnO nanomaterials  
2.2.1 Synthesis of ZnO nanoparticles 
The synthesis method used to produce ZnO nanoparticles was adopted 
from Ho et al. [7]. Firstly, 0.73 g of zinc acetate dehydrate, 
Zn(CH3COO)2.2H2O was dissolved in 31 ml of methanol and put in a heat 
bath at 60ºC. Next, 0.37 g of potassium hydroxide, KOH was dissolved into 
16 ml of methanol. The KOH solution was then added dropwise into the zinc 
acetate solution under vigorous stirring, while maintaining the mixture at 60ºC. 
The solution was stirred vigorously at 60ºC for another 1.5 hours. The solution 
will become cloudy eventually. The white precipitate was collected through 
centrifugation and wash in methanol twice. The ZnO nanoparticle was then 
dispersed in 15 ml of methanol. The solution will be stable for up to two 




2.2.2 Synthesis of ZnO nanowires (Hydrothermal method) 
Two hydrothermal methods were employed to synthesize ZnO. Prior to 
the synthesis of ZnO nanowires, a seed layer on substrate was prepared.  
2.2.2.1 Formation of seed layer 
The seed layer used in the experiment was fabricated in two different 
ways. For the first method, a ZnO thin film was sputtered onto a substrate. The 
thickness of the sputtered ZnO seed layer was about 180 nm.  
The second method involves a different approach. A seed solution was 
prepared by dissolving 0.02 g of zinc acetate dihydrate, Zn(CH3COO)2.2H2O 
in 20 ml of IPA. The mixture was sonicated until a clear solution appeared. A 
substrate was cleaned by sonicating in DI water and subsequently in ethanol 
for 5 minutes each. The cleaned substrate was then dipped into the solution for 
10 seconds. It was then blown dry with nitrogen gas and heated at 350ºC for 3 
minutes. The heat treatment converted zinc acetate into zinc oxide and formed 
a seed layer on the substrate. The process of dipping and heating was repeated 
for 3 times. 
2.2.2.2 Hydrothermal method I (M1) 
In the first method, the 50ml growth solution consists of 25 mM of 
zinc nitrate, Zn(NO3)2.6H2O, 25 mM of hexamethylenetetramine (HMT), and 
0.1 g of polyethylenimine (PEI) in DI water. A seeded substrate was then 
placed on a glass slide and put into the growth solution with the seed layer 
facing downwards to prevent accumulation of impurities. It was then put in the 
oven for 3 hours at 90ºC. 
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2.2.2.3 Hydrothermal method II (M2) 
In the second method, the 50 ml growth solution consists of 25 mM of 
zinc nitrate Zn(NO3)2.6H2O and 0.02 g of polyethylenimine (PEI) in DI water. 
Then, ammonium hydroxide NH4OH was added dropwise into the solution 
until pH 10.9 was reached. A seeded substrate was then placed on a glass slide 
and put into the growth solution with the seed layer facing downwards to 
prevent accumulation of impurities. It was then put in the oven for 3 hours at 
90ºC.  
2.3 Patterning of ZnO nanomaterial 
2.3.1 Substrate Cleaning  
For the experiment, Si substrates with ZnO coating substrates were 
used. Figure 2.3 shows the details on preparation of substrate used for 
photolithography. It is essential for the substrate to be as clean as possible as 
impurities could affect the process. 
 






Si substrate with 
ZnO coating 
Cut into 1×1 cm2 
square pieces 
Sonicate for 5 min 
in ethanol 




2.4 Photolithography Process 
The photolithography process used in this thesis was developed in-house 
in the lab with various tools that might not be conventional.   
2.4.1 UV Lithography 
The lithography technique used was contact printing as shown in 
Figure 2.4(a). In this method, diffraction effects were minimized as mask and 
wafer were in direct contact. However, it cannot be used in high volume 
manufacturing because of high defect densities resulting from mask-wafer 
contact. The mask used was shown in Figure 2.4(b) with hole size 2m. 
The photoresist material used in this experiment was PMMA. It was 
applied onto the substrate by spin-coating at 1000 rpm for 40 s. After that a 
pre-bake process was done on the substrate at 180 °C for 1min. This process 
drove out the remaining solvent which improved adhesion of the resist to the 
substrate. 
The substrate was then placed on top of a photomask, with a Xenon arc 
lamp light source placed at a certain distance below the photomask. The 
distance was calibrated to provide the optimum results. A weight was placed 
on top of the substrate to ensure contact with the photomask during exposure. 
The exposure times used were 5, 7, 10 and 15 s. After the exposure, the 





Figure 2.4 – (a) Contact printing system (b) The pattern of the mask under light microscope.  
 
2.5 Results and Discussion  
2.5.1 Synthesis of ZnO nanowires 
2.5.1.1 Seed layer formation  
Figure 2.5 shows the atomic force microscope image of the zinc oxide 
seed layer evenly dispersed on a silicon substrate. The individual zinc oxide 
nanoparticle is about 50nm to 100nm in diameter. This seed layer serves as a 
nucleation site for the growth of ZnO nanowires.  
 







2.5.1.2 Synthesis of ZnO nanowires 
Figure 2.6 shows an SEM image of the top view of ZnO nanowires 
grown using hydrothermal method I (M1) on silicon substrate. It can be seen 
that the nanowires grown are quite uniform in their diameter and are fairly 
vertically aligned. There is a distribution in the diameter of the nanowires, 
which about 30 to 70nm.  It can also be observed that the tip of the nanowires 
grown are flat and hexagonal in shape. Figure 2.7 shows the SEM image of 
the side view of the ZnO nanowires grown using hydrothermal method I. The 
length of the nanowires is about 2 μm. 
Figure 2.8 shows an SEM image of the top view of ZnO nanowires 
grown using hydrothermal method II (M2) on silicon substrate. It can be seen 
that the ZnO nanowires has a larger distribution of diameters ranging from 
25nm to a few with diameters of more than 100nm. It should also be observed 
that the tip of the nanowires grown using this method are much sharper 
compared to the nanowires grown using hydrothermal method I, and is 
consistent with the result obtained by Kim et al. [3]. Figure 2.9 shows the 
SEM image of the side view of the ZnO nanowires grown using hydrothermal 





Figure 2.6 – SEM image of the top view of ZnO nanowires grown using hydrothermal method I. 
 
  







Figure 2.8 – SEM image of the top view of ZnO nanowires grown using hydrothermal method II 
 
  
Figure 2.9 – SEM image of side view of ZnO nanowires grown using hydrothermal method II. 
2.5.1.3 Effects of different growth solution on morphology 
Even though the two hydrothermal methods used different ammonia 
sources (ammonium hydroxide and HMT), the main difference lies in the pH 
of the growth solution. The M1 growth solution has a pH value of about 7.3 
when measured, while the M2 growth solution was made to be at pH 10.9. The 
difference in pH of the growth solution affects the morphology of the 





A ZnO nanowire has many crystals planes, as shown in Figure 2.10 
below. The crystal planes (0001), (000 ) and {01 1} are polar in nature and 
the charge of these crystal planes depends on the pH of the aqueous solution. 
At different pH, different species of Zn2+ complexes in the aqueous solution 
are present to adsorb on the surface of the crystal to produce new ZnO on the 
surface. The charge of the crystal plane is determined by the isoelectric point 
(IEP) of the material. If the pH is below the IEP, there are more positive sites 
present. If the pH is above IEP, there are more negative sites present. For ZnO, 
the IEP is determined to be approximately pH 9.5, taking the average of 
surface charge of all planes and assuming the particle is isotropic [8]. The 
value indicates the pH at which the average charge shows transition from 
positive to negative. However, since the ZnO nanowire is anisotropic, 
different crystal planes may have different values of effective IEP. 
 
 





It is known that the polar (0001) plane is unreconstructed [9], and 
needs a charge compensation mechanism to make it more stable [10]. Usually 
the OH- ions present in the aqueous solution will adsorb on the Zn2+ 
terminated (0001) plane. The OH- ions could be easily removed at low pH 
value, and the (0001) plane is expected to maintain as more positively charged 
at pH above IEP. Besides that, at pH value above IEP of ZnO, the non-polar 
{01 0} planes of lateral facets of ZnO nanowire will become negatively 
charged due to the dissolution of ZnO into [Zn(OH)4]2- complexes [11]. 
By referring back to Figure 2.2(b), at higher pH, more negative Zn2+ 
complexes are present in the growth solution at 90ºC. These dominating 
negative species will adsorb on the more positive (0001) crystal plane as 
compared to other crystal planes. This preferential adsorption results in the 
highest growth rate of the (0001) plane Thus, the anisotropic growth leads to 
the sharp needle-like structure of ZnO nanowires grown using M2 method, 
with pH value of about 10.9. For the M1 method, which is at pH lower than 
the average IEP of ZnO, the growth is more isotropic in nature as all the polar 
crystals planes are more positively charged. 
2.5.1.4 Role of Polyethylenimine (PEI) 
The addition of polyethylenimine (PEI) into the growth solution of 
ZnO nanowires was performed for the first time by Zhou et al. [12]. Since 
then, it has become a standard recipe in most growth solution of ZnO 
nanowires. PEI is a non polar polymer with a large amount of side amino 
groups (-NH2), which will protonate over pH 3 to pH 11, and becomes 
positively charged [12]. The pH of both M1 and M2 growth solution lies 




adsorb on the negative lateral facet of ZnO nanowire due to electrostatic 
interactions. This will largely limit the lateral growth of ZnO nanowire, and 
thus producing nanowires with high aspect ratio. 
2.5.1.5 ZnO nanowire with multiple growth 
Since the ZnO nanowires grown will be used for dye sensitized solar 
cell application, it  is  desirable  to  produce  longer  nanowires  with  high  
aspect  ratio.  The longer nanowires will increase the surface area for more dye 
adsorption and produce higher photocurrent. 
To synthesize longer ZnO nanowires, the method being used in this 
project is to perform multiple growths of the nanowires. After the initial 
growth, the substrate is being taken out from the growth solution, washed in 
ethanol and dried. Then, the growing process is repeated by using a fresh 
supply of growth solution. Figure 2.11 shows SEM image of side view of ZnO 
nanowires grown using hydrothermal method II for two times, while  
Figure 2.12 shows SEM image of side view of ZnO nanowires grown using 
hydrothermal method II for three times. The sample was grown on the FTO 
glass substrates, with the FTO layer at about 1 μm thick, as seen in the SEM 
images below. 
The SEM images show that for two times growth, the length of the 
nanowires is about 8 μm, while for the three times growth, the length of the 
nanowires is about 9.5 μm long. The length is significantly longer than the one 
time growth of nanowires shown in Figure 2.9, which is about 3.5 μm. The 
effective length of the ZnO nanowires, is measured from the tip of the 
nanowire to the spot where the nanowire coalesces with the adjacent nanowire. 
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As seen in the SEM images of Figure 2.9, Figure 2.11 and  
Figure 2.12, as the number of growth times increases, the effective length of 
the nanowires increases from an average of 3 μm to 5 μm then decreases to 4.7 
μm. 
 











It can be deduced that the rate of increase in thickness of the nanowire 
arrays diminishes as the number of growth increases. This may be due to the 
lateral growth of ZnO nanowires at the bottom region, which causes the 
nanowires to coalesce to form a continuous film. The lateral growth reduces 
the rate of growth in upward direction to increase the length of nanowires. The 
increase in thickness of the coalesced film reduces the effective length of ZnO 
nanowires. 
2.5.2 Photolithography 
2.5.2.1 Varying Exposure Time 
Figure 2.13 shows the SEM images of the top view of ZnO nanowires 
grown using hydrothermal method M1 with different exposure time on 
patterned silicon substrate with PMMA. It can be seen that no selective pattern 
growth of ZnO nanowires are obtained on the substrate with exposure time of 
5 seconds. This is because the exposure time of 5 seconds is too short to 
produce the pattern needed. However, selective pattern growth of ZnO 
nanowires are obtained for the rest of tfhe substrates. As shown in Figure 2.13, 
the longer the exposure time of the photoresist, the hole pattern of the 
substrates becomes larger. This enables growth of ZnO nanowires with larger 
diameter out of the hole pattern. This can be seen when comparing the growth 
of ZnO nanowires in (b) with 7 seconds exposure and (d) with 15 seconds 





Figure 2.13 – SEM image of the top view of ZnO nanowires grown using M1 with exposure time of 
(a) 5s (b) 7s (c) 10s (d) 15s.  
             
 
Figure 2.14 – SEM image of the ZnO nanowires grown using M1 with exposure time (a) 7s (b) 10s 
(c) 15s.  
2.5.2.2 Varying the growth methods on the pattern.  
Figure 2.15 shows the SEM images of the top view of ZnO nanowires 
grown using M2 method. It can be seen that the ZnO nanowires grown are too 
closely packed. Figure 2.16 compares the SEM images of the side view of 
ZnO nanowires grown using both M1 and M2 methods. These two images 









and M2. The aspect ratio of ZnO nanowires grown using the M1 method is 
higher, and it is more suited for our devices, which will be discussed in the 
later chapters.  
 
Figure 2.15 – SEM images of the top view of ZnO nanowires grown using M2 at different 
magnifications.  
        
Figure 2.16 – SEM images of the side view of ZnO nanowires grown using (a) M1 (b) M2 method. 
 
2.5.3 Growth of ZnO nanowires on patterned substrates  
2.5.3.1 Growth of ZnO nanowire on fluorine doped tin oxide (FTO) substrate 
Growth of ZnO nanowires was then attempted on FTO as it is a 
commercial substrate used in solar cell device. The ZnO seed layer was 
deposited onto FTO substrate, followed by photolithography, as described in 
the previous section. The patterned substrate is then used to grow ZnO 
nanowires. The growing method used is M2, which is the same as what has 
been done with Si substrate previously. The SEM images in Figure 2.17 (a) 
and (b) show the growth of ZnO on FTO substrate. From these SEM images, it 







grown on Si substrates; they tend to grow in random directions due to the 
mismatch in the crystal structure of FTO substrate and the ZnO seed layer.  
         
Figure 2.17 – SEM images of ZnO nanowires on patterned FTO substrate. 
2.5.3.2 Growth of ZnO nanowires on GZO substrate 
As the ZnO nanowires grown on FTO substrate are not vertically 
aligned, other substrates were used. One possible substitution is Gallium 
Doped Zinc Oxide (GZO) which has comparable transparency and 
conductivity with FTO. Moreover, as the GZO substrate is already coated with 
ZnO, hence eliminate the seed layer deposition process needed for the growth 
of ZnO nanowire. 
Both M1 and M2 methods were used grow ZnO nanowires on GZO. 
The results obtained by method M2 are shown in Figure 2.18 (a) and (b). It 
can be seen that the nanowires are too short for DSSC. The nanowires have 
also coalesced to form ZnO film instead. This film-like structure, with limited 






         
Figure 2.18 – SEM images of ZnO nanowires obtained through M2 method on patterned GZO 
substrate. 
 
The length of ZnO nanowires obtained by M1 method, shown in 
Figure 2.19 is about 5µm, which is much longer as compared with those 
obtained through M2. Moreover, the ZnO nanowires grow on GZO using 
method M1 has more spacing in between the nanowires, as compared to the 
densely packed ZnO nanowires using M2 method. This is very important as it 
would provide more surface area for the adsorption of dye to provide more 
photoelectron.  
        
Figure 2.19 – SEM images of ZnO nanowires obtained through M1 method on patterned GZO 
substrate.  
 
In Figure 2.20, the SEM images also show the top view of ZnO 
nanowires obtained through M1. The diameter of ZnO nanowires bunch is 









        
Figure 2.20 – SEM images of ZnO nanowires obtained through M1 with measurement on 
patterned GZO substrate.  
2.6 Summary 
In summary, this chapter shows that ZnO nanowires were successfully 
grown using two different methods with slightly different morphology. The 
effect of pH and the surfactant PEI on the growth of the ZnO nanowires was 
discussed. This chapter also shows that the patterning of ZnO nanowires was 
successfully done on different substrates using photolithography technique. 
Variation in the pitch of the patterns and also the use of different growth 
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Chapter 3 Graphene Oxide and Graphene Composites: 
Synthesis and Characterization  
3.1 Synthesis of Graphene Oxide 
3.1.1 Introduction 
In general, methods for producing graphene sheets can be classified into 
five main classes: (a) chemical vapor deposition of graphene layers, (b) 
micromechanical exfoliation of graphite using peel-off method with Scotch-
tape, (c) epitaxial growth of graphene films, (d) bottom-up synthesis of 
graphene from organic molecules, and (e) reduction /deoxygenation of GO 
sheets. 
While graphene synthesis by mechanical cleavage yields graphene of 
high quality, it is a laborious process and thus is unsuitable for large scale 
production. Although chemical vapour deposition could yield graphene sheets 
of large sizes, the process requires high temperatures and involves explosive 
gases. Graphene synthesis by chemical oxidation and reduction, on the other 
hand, is a solution-based method, and is relatively safe and low cost. This 
method involves the synthesis of graphite oxide, which is then exfoliated to 
graphene oxide (GO), a single-layer graphene with oxygen functional groups 
attached to the graphene sheet. GO is highly hydrophilic due to the presence of 
hydroxyl and epoxy functional groups [1, 2]. GO can be easily dispersed in 
water by mild sonication forming an aqueous colloidal suspension [1]. Due to 
the hydrophilic property of GO, it is easy to carry out other solution-based 
processes in order to produce new composite materials with GO. The GO is 
then reduced using the various methods available. Figure 3.1 illustrates the 
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process involved in the process of oxidation and reduction to produce reduced 
GO.  
Oxidation of graphite to graphite oxide is essential to ensure complete 
exfoliation of graphene sheets from precursor graphite as the oxygen 
functional groups added to graphene sheets enable the intercalation of water 
molecules between graphene layers to occur readily [1]. The graphite 
oxidation procedures developed by Hummers and Offeman are well-
documented and widely used in related research [3]. 
 
Figure 3.1 – Illustration of oxidation of graphite to graphene oxide and reduction to reduced-
graphene oxide [2]. 
 In most studies, graphite oxide obtained from Hummers’ method is first 
dried and then subjected to sonication to form a colloidal suspension of GO. 
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The ease of exfoliation of graphite oxide in water, which is related to the 
extent of oxidation, directly affects the number of layers of graphene produced 
through this approach. Hence, it is of great interest to have good control over 
the degree of exfoliation of graphite oxide in water by varying the 
experimental conditions. 
3.1.2 Oxidation of Graphite 
GO was synthesized from natural graphite of either powder (≦20μm, 
Fluka) or flake (-10 mesh, Alfa Aesar) form by the modified Hummers 
method [4]. 0.5 g graphite was mixed with 0.5 g sodium nitrate and 23 ml 
concentrated sulphuric acid (95.0-98.0%, Sigma-Aldrich) and the mixture was 
stirred in an ice bath (see Figure 3.2 and Figure 3.3). 3.0 g potassium 
permanganate was slowly added to the mixture. The ice bath was then 
removed and the mixture was stirred at room temperature for 2 hours. Then, 
33.3 ml deionised water was added slowly to the mixture while the 
temperature of the mixture is allowed to rise to around 90°C. The mixture was 
left stirring for another 30 minutes. 100 ml deionised water and 3.33 ml 
hydrogen peroxide (30%) were then added to the mixture. The following 





Figure 3.2 – Experimental setup for oxidation of graphite.  
 
 
Figure 3.3 – Schematic diagram of experimental setup for oxidation of graphite. 
3.1.3 Washing and exfoliation of Graphite Oxide 
Vacuum filtration method 
The experiment setup for vacuum filtration of graphite oxide is shown in 
Figure 3.4. A small volume of the reaction mixture solution obtained from 
oxidation process was transferred into the funnel, distilled water was added in 
the funnel before the start of the vacuum filtration. When the pH value of the 
filtrate is about 6, the graphite oxide is considered to be clean and be used for 
further processing. Cellulose nitrate filter paper was used for this purpose. 
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However, this method of washing is not adopted in this work because the time 
taken for clean the graphite oxide is too long and hence is inefficient.  
 
Figure 3.4 – Schematic diagram showing the setup for vacuum filtration. 
3.1.3.1 Centrifugation 
Using the centrifugation method, the mixture was washed 3 times with 6% 
hydrochloric acid and with deionised water repeatedly until the pH of mixture 
was around 6. This was carried out using centrifugation (using Hettich Rotina 
38) of 10,000 rpm with varied durations and discarding of the supernatant. The 
first step of washing using the hydrochloric acid is to remove the metal ions. 
Subsequent washing with DI water is to remove the remaining acid and 
contaminants.  
In the second step, after washing with DI water a few times, three visible 
layers were observed in the centrifuge tube. The bottom-most layer was the 
graphite oxide solid, followed by a layer of thick brown liquid, and the top 
most layer was DI water. The thick brown liquid was found to contain 
exfoliated graphene oxide, as confirmed by optical microscopy technique. 
This observation can be explained through the impact of external energy input 
on graphite oxide [5]. The external energy input such as induced mechanical 
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shaking and stirring of the solution during the process of centrifugation causes 
interparticle collisions between the graphite oxide flakes. These collisions will 
lead to the exfoliation of graphite oxide to form graphene oxide flakes without 
the need to undergo sonication.   
The brown liquid, which contain exfoliated graphene oxide was 
extracted and transferred to a new centrifuge tube. The liquid was then washed 
using centrifugation for a few more times until the pH of the supernatant was 
around 6.  
After the supernatant was discarded, DI water was added to disperse the 
graphene oxide. No sonication step is required to exfoliate and disperse the 
graphene oxide. The concentration of the dispersed GO solution was 
determined by drying a measured volume of the solution in a drying oven, and 
the mass of the dried product was determined.   
3.2 Characterization of Graphene Oxide 
The morphologies of the nanostructures were characterized using 
scanning electron microscopy (SEM, JEOL FEG JSM6700F, secondary 
electron imaging) and optical microscopy (Olympus BX51M). The 
crystallography and structures of the as-synthesized nanostructures were 
analysed using transmission electron microscopy (TEM, Philips FEG CM300) 
and an x-ray diffractometer (XRD, Philips x-ray diffractometer equipped with 
a graphite monochromator Cu Kα radiation λ = 1.541 Å). The optical 




3.2.1 Morphological characterization 
The morphology of GO sheets was characterized by optical microscopy 
and scanning electron microscopy. The optical microscopy sample was 
prepared with graphene oxide sample on silicon dioxide substrate. Optical 
microscope images (Figure 3.5) showed different numbers of layers 
distinguishable by different color contrasts. Thin GO sheets of one to two 
layers were very low in color contrast against the silicon dioxide substrate, 
whereas thicker films were easily observable due to their higher color contrast.  
The SEM image of GO dispersed on silicon substrate is shown in the 
Figure 3.6. The lateral sizes of synthesized GO ranged from 10 to 60 μm. The 
lateral sizes of GO prepared via similar method reported in literature ranged 
from 100 nm up to 40 μm [5]. Unlike the centrifugation method, the GO 
produced by sonication method are very small in size. This was concluded 
based on the difficulty encountered in trying to observe individual sheets 




Figure 3.5 - (a) Optical microscope image of a few-layer GO sheet;  
(b) the GO sheet in (a) under higher magnification 
 




Figure 3.6 – SEM image of graphene oxide with measurements shown.  
 
3.2.2 Structural Characterization  
The X-ray diffraction (XRD) pattern of GO in Figure 3.7 shows a 
dominant peak at 9.75°, which corresponds to an interlayer spacing of 9.07 Å, 
which is much larger than that of graphite (3.35Å) [6]. This increase in 
interlayer spacing is due to the oxygen functional groups attached to carbon 




Figure 3.7 – XRD pattern of graphene oxide. 
Figure 3.8 shows the low resolution TEM image of a few-layer GO 
sheet. The sheet like structure could be identified from the folding of one of 
the layer of the GO sheet. The multiple contrasts observed at the top left edge 
of the GO sheet also show that the GO sheet has at least two or more layers.  
Figure 3.9 shows high resolution TEM images for the same sample. As 
with Figure 3.8, at least two layers of GO sheet can be identified from the 
contrast observed in the Figure 3.9. Figure 3.10 shows the TEM image of the 
same sample taken at another region. In this image, the GO sheet edge can be 
clearly seen with multiple layers of GO sheet. A selected area electron 
diffraction (SAED) pattern in Figure 3.11 illustrates a six-fold symmetry that 





Figure 3.8 – Low resolution TEM image of a few-layer GO sheet. 
 





Figure 3.10 – High resolution TEM image of a few-layer GO sheet showing sheet edge. 
 




3.2.3 Optical Characterization 
The UV-Vis absorption spectrum of GO in Figure 3.12 shows a 
dominant peak at 230 nm corresponding to π–π* transitions of aromatic C=C 
bonds and a shoulder around 300 nm which is often attributed to n–π* 
transitions of the carbonyl groups [6]. 
 
Figure 3.12 – UV-Vis absorption spectrum of GO sheets. 
3.3 Synthesis of Graphene-ZnO Composites 
3.3.1 Introduction 
Since GO is an insulator, a reduction process is ensued to produce 
reduced graphene oxide (rGO) with the purpose of partially restoring the 
electrical conductivity of graphene. This process is commonly done using 
various reducing agents such as hydrazine, sodium borohydride and metals. 
This section will discuss a one-pot synthesis method for reducing GO while 
forming rGO composites at the same time with zinc oxide nanoparticles. 
Graphene, being a planar structure with high surface area, is a good 
candidate for making nanocomposite materials as it allows intimate interfacial 
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contact between the component materials [8]. However, graphene tends to 
restack and agglomerate due to van der Waals interactions and this results in 
the loss of its unique properties [9, 10]. Graphene based nanocomposites that 
are synthesized from GO can effectively solve this problem. The oxygenated 
functional groups in GO can act as nucleation sites for other nanomaterials to 
attach onto. The presence of the nanomaterials could then minimize the 
undesirable agglomeration of graphene sheets [8]. 
Graphene-ZnO composite materials have been reported to display 
improved field-emission property, better ultraviolet-visible light absorption 
and thermal stability compared to its component materials [11]. The low cost 
involved in synthesis of ZnO nanostructures and its biocompatibility also 
makes it an attractive candidate for composite material with graphene [12]. 
The proposed method to synthesise graphene-ZnO nanoparticles 
composites is the one-pot solvothermal reaction method. GO and zinc acetate 
were mixed in methanol and potassium hydroxide (KOH) to form ZnO 
nanoparticles on GO sheets. Strong alkalis such as KOH have been reported to 
be good reductants for the reduction of GO [13]. The temperature required for 
this reaction is relatively low, requiring only mild conditions and is scalable 
for industrial production. 
3.3.2 One-pot synthesis of composites 
The synthesis of rGO-ZnO composite is done by modifying the ZnO 
nanoparticle synthesis method as described in Chapter 2. 0.01 g of  
as-synthesized GO was dispersed in 7.75 ml methanol under mild sonication 
using bath sonicator. 0.1825 g of zinc acetate dihydrate was added to the 
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mixture and the mixture was put in a water bath maintained at 60°C. 0.37 g 
KOH was dissolved in 16 ml methanol. The KOH solution was added 
dropwise into the GO-zinc acetate mixture under vigorous stirring, while 
maintaining the temperature at 60°C. The mixture was stirred at 60°C for 
another two hours. The colour of the mixture changed from light brown to 
black as shown in Figure 3.13, indicating the reduction of GO to rGO. White 
precipitate of ZnO was observed in mixture as well, indicating that some ZnO 
nanoparticles were not bound to the rGO. The products were washed with 
deionised water and methanol three times respectively by centrifugation. 
 
Figure 3.13 – (a) GO dispersed in methanol (b) rGO-ZnO composites in water 
3.4 Characterization of Graphene-ZnO composites 
3.4.1 Morphological Characterization  
Figure 3.14 shows the SEM image of rGO-ZnO composites. The surface 
of rGO is decorated by ZnO nanoparticles of diameter less than 10 nm. ZnO 
nanoparticles attached to the rGO film were roughly spherical in shape and are 
well dispersed. This indicates that ZnO nanoparticles have been successfully 




Figure 3.14 – SEM images of rGO-ZnO composite 
3.4.2 Structural Characterization  
Figure 3.15 shows the XRD pattern of rGO-ZnO composite, as 
compared to rGO control sample and GO sample. The rGO sample was 
prepared without the addition of zinc acetate.  
The XRD pattern of GO shows a prominent peak at 9.75º which is 
shifted to 23.5º in the XRD pattern of rGO. This is a typical indication of 
reduction of GO to rGO as the characteristic peak shifts closer to that of pure 
graphite (around 26º). However, a small peak at around 10º is also present in 
the XRD pattern of rGO, suggesting the presence of small amounts of GO in 
sample. It concluded that the reduction of GO is not complete. Further 
adjustments to the experimental procedures such as allowing longer reaction 
time or adjusting the reactant ratio might improve the extent of reduction of 
GO to rGO.  
The XRD pattern of rGO-ZnO composite also show small peaks around 
10° and 23°, attributed to the GO and rGO present in the nanocomposite 




ZnO (JCPDS 79-0205), corresponding to (100), (002), (101), (102), (110), 
(103) and (112) diffraction peaks respectively. 
 
Figure 3.15 – XRD pattern of rGO-ZnO composite, rGO and GO.  
Figure 3.16 shows the TEM images of the same sample of rGO-ZnO 
composite at different magnification. The images clearly show the ZnO 
nanoparticles are attached to the rGO sheet. Most of the ZnO nanoparticles 
have diameters of 7 to 9 nm. 





Figure 3.16 – TEM image of rGO-ZnO composite:  
(a) and (b) low resolution image, (c) high resolution image. 
3.4.3 Optical Characterization 
Figure 3.17 shows the UV-Vis absorption spectra of various samples of 
graphene and ZnO nanoparticles. The characteristic peak of GO at 230 nm 
was not observed in the rGO UV-Vis absorption spectrum, indicating the 
restoration of the π conjugation network within the rGO nanosheets [14, 15]. 
This is a confirmation of reduction of GO to rGO by KOH. 
The spectrum of rGO-ZnO nanocomposite in Figure 3.17 shows an 
absroption band edge around 356 nm which is attributed to the ZnO 
nanoparticles in the composite [16]. However, the absorption continues to 
increase for wavelengths shorter than 350 nm due to the presence of rGO in 






Figure 3.17 – UV-Vis absorption spectrum for rGO-ZnO composite,  
ZnO nanoparticle, GO and rGO.  
3.5 Conclusion 
In this chapter, a procedure for synthesising graphene oxide has been 
successfully developed, based on the well-known Hummer’s method. The 
graphene oxide produced without sonication is about 10 to 60 μm in size. 
Various characterization techniques have also been employed to investigate 
the morphology, structure and optical properties of graphene oxide that is 
produced.  
Meanwhile, a one-pot synthesis of rGO-ZnO composite has also been 
developed. This method reduces the GO and at the same time forms the rGO-
ZnO nanoparticle composite, using mild and scalable conditions. The sample 
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Chapter 4 Graphene-ZnO composite Dye Sensitised Solar 
Cell  
4.1 Introduction 
4.1.1 Zinc Oxide Dye Sensitized Solar Cell 
Dye sensitized solar cell (DSSC), along with organic semiconductor 
solar cell, is the third generation solar cell after the initial silicon solar cell and 
semiconductor thin film solar cell [1]. Although the overall performance of 
DSSC is relatively lower, it has some attractive advantages such as 
compatibility with flexible substrates, low cost of material and manufacturing. 
DSSC is also more stable and has longer life time compared to organic 
semiconductor solar cell. Figure 1.1 shows the working principle of a DCCS 
in general.    
 
Figure 4.1 – Schematic diagram of the working principle of a DSSC in general [1]. 
As shown in the figure, a DSSC consists of two electrodes, namely the 
working electrode and the counter electrode. A dye sensitized n-type 
semiconducting film, such as ZnO nanomaterials is deposited on the working 
electrode as photoanode. The working electrode needs to be transparent and 
conductive to allow sunlight to reach to semiconducting film. The counter 
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electrode, which may not be transparent but coated with a layer of metal such 
as platinum to provide ohmic contact, is placed face-to-face with the working 
electrode, as shown in the figure. Usually, fluorine doped tin oxide (FTO) or 
tin doped indium oxide (ITO) glass substrates are the candidates for both 
working and counter electrode. The space between the electrodes is filled with 
electrolyte, usually a liquid one to provide a conducting media between the 
two electrodes.  
When the sunlight shines on the transparent working electrode, the 
photon energy reaches the semiconducting film and gets absorbed by the dye 
molecules that are attached to it. The electrons in the dye are promoted from 
the highest occupied molecular orbital (HOMO) to the lowest unoccupied 
molecular orbital (LUMO). The excited electrons are transported into the 
conduction band of semiconductor, which will then be transported to the 
transparent conducting film of the working electrode, which in turn is 
connected to the external circuit. Meanwhile, the oxidized dye molecules are 
reduced by electrons coming from the electrolyte, and the electrolyte gets its 
electron from the counter electrode.  
Nanomaterials have been chosen as the material for semiconducting film 
due to its surface area. Compared top bulk material, the nanomaterials offer 
greater surface area for the adsorption of dye molecules, thus enabling greater 
photon absorption. The work done by Grätzel et al. in the year 1991 was 
commonly regarded as the breakthrough for DSSC, by using titanium (IV) 
oxide nanoparticles sensitized with trimeric ruthenium complex dye, with 
conversion efficiency of 7.1-7.9% [2]. The use of nanoparticles greatly 
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increases the surface area for dye adsorption. However, one major 
disadvantage of using nanoparticles is the existence of boundaries between the 
particles, which creates energy levels that trap the electrons in transport to the 
collecting electrode, causing recombination to occur before photocurrent is 
generated. 
4.1.2 Photoreduction of Graphene Oxide  
As graphene oxide is an insulator in nature, the ultimate goal is always 
to reduce the graphene oxide as far as possible to recover the electrical 
properties of graphene. This is due to the presence of oxygen in the graphene 
oxide which renders it to become p-doped material, and an insulator [3]. As 
discussed in Chapter 1, there are a number of methods to achieve reduction in 
graphene oxide. One of the facile methods is known as photoreduction. As 
described by Teng et al. [3], this can be done by irradiation of graphene oxide 
sheets with UV or visible light for a fixed amount of time in aqueous medium. 
Figure 4.2 shows how the color of the graphene oxide suspended in aqueous-
methanol solution evolved during the photoreduction process. The color 
changes from light brown of graphene oxide to black due to the restoration of 
a sp2 π-conjugated network in the reduced graphene sheet after UV light 
irradiation. Upon photoreduction, the graphene oxide loses some oxygen 





Figure 4.2 – Color intensity variation of graphene oxide solution during photoreduction process: a) 
before irradiation; b) start of irradiation;  
c) after 30 minutes of irradiation; d) after 2 hours of irradiation [3]. 
 
The photoreduction of graphene oxide using UV light could be further 
enhanced by adding semiconductor nanomaterials such as ZnO nanoparticles. 
This is demonstrated by Kamat et al. [4], where he used 150 W Xenon arc 
lamp to shine graphene oxide sheets suspended in ethanol mixed with ZnO 
nanoparticles. He proposed that the electron transferred from the excited ZnO 






Figure 4.3 – Excited state interaction between ZnO nanoparticles and Graphene Oxide [4]. 
Kamat et al. also demonstrated that the electron transfer between excited ZnO 
nanoparticles to graphene oxide is shown in the following equations [4], 
 
 
where photoreduced graphene oxide is finally obtained.  
Instead of using ZnO nanoparticles, Akhavan [5] used ZnO nanorods to 
achieve photoreduction of graphene oxide by growing ZnO nanorods arrays on 
the GO sheets itself using hydrothermal method. The tip of the ZnO nanorods 
is attached directly to the GO sheets on the substrate. Based on the result of his 
experiment, he proposed a similar mechanism for the photoreduction of 
graphene oxide as Kamat et al. above. Under the irradiation of UV light, 
electrons from photoexcited ZnO nanorods were transferred into the GO 
sheets. The electrons can then move easily throughout the GO sheets and 
reduction of GO can occur, even though the location might be far from the 
source of the electrons due to its partially restored conductivity. However, he 
also proposed that the production of hydroxide radicals leads to the 
degradation of GO sheets locally where the tip is in contact with the GO sheets. 
This mechanism is shown in Figure 1.4.  
 
 






Figure 4.4 – Schematic diagram of photoreduction of GO by ZnO nanorods [5].  
4.1.3 Graphene-ZnO Dye Sensitized Solar Cell 
In this chapter, ZnO nanomaterials will also be used to assist in 
photoreduction of graphene oxide sheet, while at the same time achieving the 
aim of graphene-ZnO nanocomposite synthesis. The graphene-ZnO 
nanocomposites synthesized will be used as the photoanode of dye sensitized 
solar cell for further enhancement of efficiency. This primary reason for 
mixing reduced graphene oxide into the DSSC photoanode is to harness the 
ability of graphene to transfer the electrons quickly from the photoanode into 
the external circuit before recombination occurs [6]. The graphene can act as 
electron transfer channel after capturing the photogenerated electrons from the 
dye anchored on ZnO nanostructures which is predicted to improve the 
efficiency of the solar cell. 
Besides that, dye sensitized solar cells with different morphologies of 
ZnO nanostructures photoanode will also be fabricated to compare the results 
with and without the addition of graphene. The synthesis and materials 
characterization of the different morphologies of ZnO nanostructures will also 
be discussed in subsequent sections.  
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4.2 Synthesis and Fabrication of Devices  
4.2.1 Synthesis of ZnO aggregates 
For the synthesis of ZnO aggregates, 1.1 g of zinc acetate dehydrate, 
Zn(CH3COO)22H2O, was dissolved in 50ml of diethylene glycol (DEG). The 
mixture was then stirred for about 2 hours to achieve homogenous suspension. 
Subsequently, the mixture was transferred to an autoclave and put in a 
preheated oven at 160ºC for 8 hours. The final product in the autoclave was 
washed with ethanol using centrifugation and dispersed in ethanol.  
4.2.2  Photoreduction of Graphene Oxide with ZnO 
The procedure for photoreduction of graphene oxide with ZnO is very 
straightforward. A fixed amount of ZnO nanomaterials synthesised from 
previous sections dispersed in ethanol was placed in a quartz tube. A 
predetermined amount of graphene oxide synthesized using the procedure 
discussed in chapter 3 is then added to the mixture. The resulting mixture is 
then shone with 300W xenon arc lamp under constant magnetic stirring for 
about 3 hours. The resulting product is then dried in the oven and collected for 
further use in fabrication of dye sensitized solar cell.  
4.2.3 Fabrication and Characterization of Dye Sensitized Solar Cell  
To fabricate ZnO nanostructures dye sensitized solar cell (DSSC), the 
ZnO nanomaterials must be grown on fluorine doped tin oxide (FTO) glass 
substrate (with or without pattern), as discussed in chapter 2. For the 
graphene-ZnO nanocomposites DSSC, the photoreduced GO with ZnO 
nanostructures from section 4.2.2 was spread on the substrate using a doctor 
blade method with alpha-terpineol as the binder. The substrate together with 
photoanode material was annealed in the oven at 350ºC to remove the organic 
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remains of binder. Then, the whole substrate was then immersed in cis-
diisothiocyanato-bis(2,2’-bipyridyl-4,4’-dicarboxylato)-ruthenium(II) 
bis(tetrabutylammonium) (0.3mM, N719 Solaronix) dye with absolute ethanol 
as the solvent for 1.5 hours. The counter electrode was a FTO glass with 
sputtered Pt using RF magnetron sputtering. The electrolyte solution used 
consists of 0.1M lithium iodide, 0.03M iodine, 0.5M 4-tert-butylpyridine and 
0.6M 1-propyl-2,3-dimethyl imidazolium iodide with acetonitrile as the 
solvent. Figure 4.5 shows the schematic diagram of an assembled DSSC, 
while Figure 4.6 shows the photo of the DSSC fabricated in the lab.  
 
 
Figure 4.5 – Schematic diagram of an assembled dye sensitized solar cell 
 
 
Figure 4.6 – Diagram of an actual dye sensitized solar cell fabricated. 
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The photocurrent and voltage of the dye sensitized solar cells were 
measured with a solar simulator (model 69907 Newport) system under 1 sun at 
an air mass (AM) 1.5 global filter (1000 Wm-2) equipped with 150W ozone 
free xenon lamp. 
4.3 Results and Discussions  
4.3.1 ZnO aggregates  
Figure 1.7 shows the SEM image of the ZnO aggregates at different 
magnifications. As shown in Figure 1.7 (a), the ZnO aggregates consist of 
spherical particles with the average diameter of about 1 to 2 μm. At higher 
magnification as shown in Figure 1.7 (b), the surface of the ZnO spherical 
particle is observed to be rough, suggesting that the spherical particles may 
consist of smaller ZnO nanoparticles aggregates. As shown by Figure 1.7 (c) 
with very high magnification, the individual ZnO nanoparticles can be seen, 




Figure 4.7 – SEM image of ZnO aggregates at different magnifications. 
Further characterization was done to investigate the structure of the ZnO 
aggregates. Figure 1.8 shows the TEM images of the ZnO aggregates at 
different magnifications. These images clearly showed that it consists of ZnO 
nanoparticles of roughly 15 nm in diameter. The crystal lattice fringes of ZnO 
nanoparticles can be clearly seen in Figure 1.8(b). The d-spacing of the lattice 





      
 
Figure 4.8 – TEM image of individual ZnO nanoparticles in the ZnO aggregates 
The advantage of using ZnO aggregates as the photoanode of DSSC is 
due to its ability to scatter the sunlight when light shines on the solar cell 
photoanode. Such ZnO aggregate structure possesses not only large surface 
area, but also allow incident light to undergo multiple light scattering and 
reflection, unlike individual ZnO nanoparticles that allow light to pass through 
directly. This is important in the performance of DSSC as light scattering is 
able to increase the probability of dye adsorbed on the ZnO aggregates to be 




4.3.2 Photoreduced GO-ZnO nanocomposites 
For the photoreduced GO-ZnO nanocomposites, different amounts of 
graphene oxide have been added to the ZnO aggregates and photoreduction 
was done on each of the solution, according to Table 1.1 below.  
Table 4.1 – Amount of GO and ZnO aggregates added to form nanocomposites 
ZnO aggregates (mg) GO (mg) wt. % 
44 0.044 0.1 
44 0.220 0.5 
44 0.440 1.0 
33 1.320 3.0 
 
Figure 1.9 shows the photograph of the photoreduced GO-ZnO 
nanocomposites taken after the photoreduction process. The colour of the 
nanocomposites becomes darker as the amount of graphene content increases, 
as expected. The dark colour of the nanocomposites also shows that the 
graphene oxide has been partially reduced after irradiation the Xe lamp 
irradiation.   
 
 




Figure 1.10 shows the SEM image of the photoreduced GO-ZnO 
nanocomposites with the amount of graphene content. There is no clear 
difference in terms of morphology between the different samples. However, 
rGO sheets can be clearly seen wrapping the ZnO aggregates. These 
nanocomposites will be used for fabrication and testing of DSSC.  
 
Figure 4.10 – SEM images of photoreduced GO-ZnO nanocomposites with (a) 0.1 wt.% (b) 0.5 wt.% 
(c) 1.0 wt.% (d) 3.0 wt.% of GO incorporated. 
4.3.3 rGO-ZnO nanostructures DSSC 
The efficiency of the solar cell is calculated according to the formula 
Efficiency (%) =          (4.1) 
and fill factor (FF) is defined as  











where Pin is the input power density, Voc is the open circuit voltage (V), Isc is 
the short-circuit current (mA), and Vmax and Imax are voltage and current at 
maximum power output. 
Figure 1.11 shows the schematics and their respective efficiencies of the 
DSSC fabricated using different designs of photoanode made up of ZnO 
nanostructures. All photoanode samples consist of ZnO nanostructures except 
for sample D, which comprises of rGO-ZnO nanocomposites from section 3.3 



















    Transparent Conductive Glass Substrate 
                ZnO nanoparticles  
               ZnO nanowires 
               rGO-ZnO nanocomposites  
Figure 4.11 - Efficiency of the DSSC fabricated using different designs of photoanode. 
Figure 1.12 shows the photocurrent density versus voltage curve of the 
DSSC with different morphology and design of the photoanode. The 
efficiency of DSSC increases when ZnO nanowires are incorporated into 
design A to become design B. This is because the introduction of ZnO 
nanowires helped to improve the charge collection from the ZnO nanoparticles. 
The photoelectrons generated at the photoexcited dye adsorbed on ZnO 
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nanoparticles in design A has to be transported through multiple interfaces 
before reaching the electrode. This would increase the probability of 
recombination along the route, thereby reducing the efficiency of the solar cell. 
In design B, the ZnO nanowire, which consists of single crystals, reduces the 
interface that the photoelectrons have to be transported through once 
photoelectrons reach the nanowire. The ZnO nanowires, together with the ZnO 
nanoparticles, also increase the surface area available for dye adsorption, 
thereby enabling more photoelectrons to be generated.  
 
Figure 4.12 – Photocurrent density versus voltage curves for DSSCs with their photoanode design 
shown in Figure 4.11.  
Design C is a patterned ZnO nanowires substrate, incorporating the ZnO 
nanoparticles by drop casting onto the substrate. The increase in efficiency of 
sample C as compared to sample B possibly due to two reasons. First, the 
regular pattern of the ZnO nanowires is able to induce light scattering when 
light shines from the bottom of the photoanode. The multiple light scattering is 
able to reach much more dye adsorbed on the ZnO nanoparticles [6], and 
hence increasing the amount of photoelectrons generated. The non-patterned 
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ZnO nanowires photoanode which are packed with fairly vertically-aligned 
nanowires allows light to directly pass through without much scattering. This 
light transmission and scattering effects of the pattern and non-patterned 
photoanodes are illustrated in Figure 1.13.  Secondly, the increase in spacing 
between the ZnO nanowires enhances the filling of ZnO nanoparticles onto the 
sample, effectively increasing the surface area for dye adsorption and the total 
amount of photoelectrons generated.  
 
Figure 4.13 – Diagram showing the effects of patterning on light scattering. The arrow shows the 
direction of light shone onto the photoanode. 
However, when rGO-ZnO nanocomposite is used as the photoanode, the 
efficiency of the solar cell dropped drastically, contrary to what is expected. 
The rGO incorporated should have acted as the electron transport channel due 
to its superior conductivity. The current density measured from sample D is 
also very low, as compared to other samples.  
There could be a number of reasons contributing to the failure of the 
solar cell to achieve higher efficiency. First of all, the interface between the 
rGO composites and ZnO nanowires might not be optimum, which will lead to 
much higher resistance of the solar cell. This would possibly contribute to 
increase in the loss of photoelectrons to recombination. The current flow in the 
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solar cell is inhibited and the efficiency dropped. Another possible reason 
could be due to the extent of reduction of rGO, which has not been thoroughly 
investigated in this work. The quality of rGO might not be optimised for dye 
sensitized solar cell application yet.   
The increase in resistance of the solar cell due to incorporation of the 
graphene is shown when the photoreduced GO-ZnO aggregate nanocomposite 
is used as the photoanode of the DSSC, as shown in Figure 1.14. The gap that 
exists between the nanocomposite and substrate as seen in Figure 1.14 is due 
to cleaving of substrate during sample preparation for SEM imaging. Table 1.2 
shows the result of the DSSC performance using different amount of 
photoreduced graphene oxide. When the amount of graphene increases, the 
current density continues to drop while the open circuit voltage remains 
approximately constant. This shows that the resistance of the solar cell 
increases, possibly due to poor interface between the graphene and ZnO 
nanostructures.  
 
Figure 4.14 – SEM image of the side view of a representative sample of DSSC using photoreduced 




Table 4.2 – Summary of results of photoreduced GO-ZnO aggregate nanocomposites DSSC with 
different wt.% of graphene 
wt. % of 
Graphene 
Efficiency (%) Voltage (V) 
Current density 
(mA/cm2) 
0 2.64 0.57 8.34 
0.05 1.20 0.55 3.72 
0.1 0.82 0.55 2.69 
0.5 0.67 0.53 2.27 
1.0 0.45 0.51 1.70 
4.4 Conclusion 
In this chapter, ZnO aggregates and rGO-ZnO nanocomposites have 
been synthesised using photoreduction method. The presence of ZnO helps to 
reduce the graphene oxide by interacting with the graphene oxide sheet 
through charge transfer. The ZnO aggregates and nanocomposite have been 
incorporated into the design of photoanode of dye sensitized solar cell to boost 
the efficiency through better charge collection and charge transport. An 
increase of efficiency of ZnO nanostructures dye sensitized solar cell has been 
achieved by incorporating the appropriate photoanode design through 
improved light scattering and charge collection. However, the increase in 
efficiency of dye sensitized solar cell when graphene is incorporated has not 
been achieved. Further investigations need to be done to elucidate the 
ineffectiveness of as-synthesized graphene-ZnO nanocomposite for solar cell 
application. Pre- and post- processing to the nanocomposites and other 
structural improvements can be devised to increase the cell efficiency, 
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Chapter 5 Conclusion 
This thesis has shown that ZnO nanowires were successfully grown 
using two different methods with slightly different morphology. The effect of 
pH and the surfactant PEI on the growth of the ZnO nanowires was discussed. 
The patterning of ZnO nanowires was successfully done on different 
substrates using photolithography technique. Variation in the pitch of the 
patterns and also the use of different growth solution are shown to control the 
desired nanostructures.  
Subsequently, a procedure for synthesizing graphene oxide has been 
successfully developed, based on the Hummer’s method. Various 
characterization techniques have been employed to investigate the morphology, 
structure and optical properties of graphene oxide produced. Meanwhile, a 
one-pot synthesis of rGO-ZnO composite has also been developed which 
reduces the GO and at the same time forms the rGO-ZnO nanoparticle 
composite, using mild and scalable conditions. ZnO aggregates and rGO-ZnO 
nanocomposites have also been synthesised using photoreduction method.  
Lastly, the ZnO nanostructures and rGO-ZnO nanocomposites 
synthesised was incorporated into the design of photoanode of dye sensitized 
solar cell to boost the efficiency. An increase of efficiency of ZnO 
nanostructures dye sensitized solar cell has been achieved by incorporating the 
appropriate photoanode design through improved light scattering and charge 
collection. However, the increase in efficiency of dye sensitized solar cell 
when graphene is incorporated has not been achieved. Further investigations 
need to be done to elucidate the ineffectiveness of as-synthesized graphene-
87 
 
ZnO nanocomposite for solar cell application. Possible areas of investigation 
include extent of photoreduced graphene oxide, the interface study between 
graphene materials and zinc oxide, and optimization of fabrication of dye 
sensitized solar cell for this particular photoanode materials.  
 
 
